This article describes the nucleotide sequence of a porcine circovirus (PCV) which possesses a high degree of association with postweaning multisystemic wasting syndrome (PMWS), a newly described disease of young pigs. The DNA sequence of this PMWS-associated PCV (pmws PCV) has 68% homology with that of a previously published nonpathogenic strain of PCV. The strains appear to be closely related yet distinct from one another. 
our laboratory (18) , it was reported that PCR was used to detect a characteristic PCV associated with PMWS, pmws PCV. Pigs affected by the disease were always found to contain pmws PCV but not np PCV. The oligonucleotide primers used in that PCR assay were designed from the nucleotide sequence of an np PCV. The pmws PCV and np PCV amplification products were readily distinguishable from one another by restriction endonuclease fragment length polymorphism (RFLP). The amplification products obtained from all PCR-positive clinical tissue specimens exhibited RFLP profiles which were unique for pmws PCV and quite distinct from that of np PCV (18) .
The nucleotide sequences of np PCV, derived from persistently infected PK-15 cell lines, were previously reported by two groups of researchers, one based in Ireland (GenBank accession no. U49186 [17] ) and the other in Germany (GenBank accession no. Y09921 [16] ). These sequences have small (1,759-nucleotide [nt] ) circular, single-stranded DNA genomes and over 99% nucleotide sequence homology. We compared the np PCV genome described by the Irish group with pmws PCV.
DNA was extracted from the lungs, lymph nodes, spleens, and tonsils of 100 pigs with PMWS from field cases which were submitted to our facility from several provinces across Canada (most were from Manitoba, but some were from Alberta, Ontario, Prince Edward Island, and Saskatchewan) by methods described elsewhere (10, 10a, 18) . We screened DNA samples from these pig tissues by a PCR assay for pmws PCV described elsewhere (10a, 18). Amplification products from all 100 PMWS pigs were analyzed by RFLP. We observed that all PCR positives exhibited RFLP profiles that were unique to pmws PCV yet not identical to one another (10a). We randomly chose to use the tissues from a single PMWS case for PCR and DNA sequencing. Another laboratory (Western College of Veterinary Medicine, Saskatoon, Saskatchewan, Canada) confirmed evidence for PMWS and the presence of PCV in tissues from this random sample by immunohistochemical staining with porcine and rabbit immune serum (see reference 8 for the details about methods).
Sixteen primers suitable for PCR were selected from a published np PCV sequence (GenBank accession no. U49186 [17] ) with the Primer computer program (15) . All of the appropriate primers were selected for use in several separate PCRs which would yield several fragments overlapping, overall covering the entire pmws PCV genome (based upon the assumption that the pmws PCV genome should at least be similar to that of the np PCV genome). The sequences of these fragments (5Ј to 3Ј) were as follows: 1F (nt 24 to 43), GCACCTCGGCAGCGTC AGTG; 2F (nt 378 to 399), GGAAGCGCAGCGACCTGTC The PCR was performed as described elsewhere (10) except that Taq DNA polymerase was the only enzyme used in the reactions. After thermocycling was complete, PCR products were analyzed by gel electrophoresis as previously described (10) . A PCR-positive sample was randomly chosen for DNA sequencing. Before sequencing, 10 g of each PCR product for pmws PCV was purified and concentrated with Microcon-100 (Fisher Scientific) 100,000-molecular-weight-cutoff microcentrifuge filter units according to the manufacturer's recommendations. Both strands of the purified PCR products were sequenced with their corresponding PCR primers at a commercial facility (SeqWright, Houston, Tex.) by the Applied Biosystems Prism dye-terminator dideoxy system. All 16 primers generated PCR amplification products of the expected sizes from DNA of the PK-15 cell line infected with np PCV; however, only six of these primers (4F, 7F, 8F, 9R, FIG. 1. Map depicting the eight overlapping fragments of pmws PCV genomic DNA that were PCR amplified and sequenced in this study. The scale at the top represents nucleotide position numbers derived from a published np PCV sequence (17) . This is a circular genome; therefore, nucleotide position 1759 abuts nucleotide position 1. Arrows denote location and orientation of primers that were used for PCR and sequencing. The eight overlapping horizontal lines below the graduated scale represent the eight portions of pmws PCV genomic DNA that were PCR amplified and sequenced. The dashed line in the 8F/15R PCR product indicates where legible sequence ended because it was too far from either primer. The nucleotide sequences from all eight PCR products result in an accumulated total of 6,480 nt. After all of the sequences were aligned, we observed that approximately 1,450 nt were sequenced at least three times and that 320 nt were sequenced twice. a Traits compared were genomic position and orientation of ORF (which viral nucleic acid strand the ORF encoded), predicted size of ORF-encoded protein (number of amino acids and molecular mass), presence of potential glycosylation sites, and homology between ORFs in pmws PCV and np PCV. b V, virus strand; C, complementary strand. c Glyc, glycosylation site; ϩ, contains glycosylation signal (asparagine sequon N-X-S or N-X-T); Ϫ, does not contain asparagine sequon.
15R, and 16R) were also able to produce PCR amplification products from DNA of PMWS-affected pigs (results not shown). These six primers were used in five different combinations of pairs to produce the following PCRs: 4F/15R (366 nt), 7F/16R (474 nt), 7F/9R (572 nt), 4F/9R (915 nt), and 8F/ 15R (1,331 nt). The DNA from a single randomly chosen PMWS-affected pig was subjected to these five different PCRs, and both strands of each amplification product were sequenced (Fig. 1) . The raw sequencing data obtained from the three smaller PCRs (4F/15R, 7F/16R, and 7F/9R) were clearly readable in their entirety for both strands. About 850 nt in each of the two larger PCRs (8F/15R and 4F/9R) could be read with certainty (a maximum of about 425 nt from each strand). Raw sequence data for a total of 4,120 nt of pmws PCV were obtained from these five pairs of PCRs. The raw sequence data were aligned, creating a preliminary 1,360-nt contiguous sequence of pmws PCV which consisted of a region of approximately 930 nt that was sequenced four times and separate 360-and 70-nt regions that were sequenced once.
Six new primers were designed based upon this preliminary pmws PCV sequence. Their sequences (5Ј to 3Ј) were as follows (nucleotide position numbers are based upon the completed pmws PCV sequence given in Fig. 2 ): N1f (nt 4 to 22), AGCGCACTTCGGCAGCGGC; N2r (nt 337 to 306), TATT CTTTATTCTGCTGATCAGTTCCTTTGGC; N3f (nt 267 to 292), GTGAAGTGGTATTTGGGTGCCCGCTG; N4r (nt 817 to 791), ATTGCTGGTAATCAAAATACTGCGGGCC; N5f (nt 790 to 819), TGGCCCGCAGTATTCTGATTACCA GCAATC; and N6r (nt 1242 to 1268), CCACTCCCGTTAA TTCACACCCAAACC. These six new primers derived from the preliminary pmws PCV sequence were used to produce the following three different PCRs: N1f/N2r (334 nt), N3f/N4r (551 nt), and N5f/N6r (469 nt). The three new PCRs were performed on DNA from the same PMWS-affected pig, and both strands of each amplification product were sequenced (Fig. 1) . A total of about 2,360 nt of raw sequencing data was obtained from these three new PCR products.
The nucleotide sequences from all eight overlapping PCR products for pmws PCV were aligned (an accumulated total of 6,480 nt), generating a final 1,768-nt contiguous consensus sequence for pmws PCV (Fig. 2) . Overall, approximately 1,450 nt were sequenced at least three times, and approximately 320 nt were sequenced twice.
The nucleotide sequences were analyzed with the computer programs Align (20) , Basic Local Alignment Search Tool (BLAST, available on the Internet from the National Center   FIG. 3 . Alignments of predicted amino acid sequences of several ORFs in pmws PCV and np PCV. Potential glycosylation signal sequences (asparagine sequons NXS or NXT, where X ϭ any amino acid [6] ) are overlined in pmws PCV and underlined in np PCV. The proteins encoded by ORF1 would be 314 aa long and have a molecular mass of 35.8 kDa in pmws PCV, be 312 aa long and have a molecular mass of 35.7 kDa in np PCV, and have 86% homology. The proteins encoded by ORF2 would be 233 aa long and 27.8 kDa in pmws PCV, 233 aa long and 27.8 kDa in np PCV, and have 66% homology. The proteins encoded by ORF3 would be 104 aa and 11.9 kDa in pmws PCV and 206 aa and 23.2 kDa in np PCV and have 62% homology. The proteins encoded by ORF4 would be 59 aa and 6.5 kDa in pmws PCV and 115 aa and 13.3 kDa in np PCV and have 83% homology. The proteins encoded by ORF7 would be 19 aa and 1.9 kDa in pmws PCV and 56 aa and 6.0 kDa in np PCV and have 79% homology. The proteins encoded by ORF8 would be 21 aa and 2.3 kDa in pmws PCV and 37 aa and 4.3 kDa in np PCV and have 67% homology. All amino acid sequence alignments shown involve the full-length proteins in pmws PCV and the homologous portions of appropriate lengths for their counterparts in np PCV. Thus, the arrows shown at the ends of protein sequences encoded by ORFs 3, 4, 7, and 8 in np PCV indicate that these proteins continue further, and their remaining sequences are not shown.
for Biotechnology Information at http://www.ncbi.nlm.nih.gov [2] ), ClustalV (13) , and Numseq (9) . Analysis of the DNA and predicted protein sequences of pmws PCV with BLASTn and BLASTx, respectively, detected any considerable homology only for np PCV. BLASTx detected scant homology between the Rep protein of pmws PCV and BBTV, CFDV, and SCSV, similarly to what was previously reported for np PCV (17) .
The DNA genome of pmws PCV is 9 nt larger than that of np PCV (Fig. 2) . Overall, these two genomes have 69% sequence homology, with their first halves (nt position 1 to 900) having over 82% sequence homology and their second halves (nt 901 to 1768/1759) having 62% homology. The genome of pmws PCV was determined to be circular, based upon reiteration of sequences flanking the end nucleotide positions (region between nt 1730 to 1768 and 1 to 30), from several PCR product sequences (4F/9R, 7F/9R, 8F/15R, and N1f/N2r).
The putative viral single-stranded DNA forms of pmws PCV and np PCV both contain potential polyadenylation addition The two types of PCVs, np PCV and pmws PCV, both contain 11 potential open reading frames (ORFs). The locations and orientations of these ORFs are compared (Table 1) , as are the shared homologies, sizes, and glycosylation sites for their predicted proteins. The six homologous predicted proteins encoded by ORFs 1, 2, 3, 4, 7, and 8 in pmws PCV and np PCV are aligned for comparison (Fig. 3) .
The proteins encoded by ORF1 are of similar sizes in pmws PCV and np PCV. Likewise, the proteins encoded by ORF2 are of similar sizes in both PCVs. Most of the remaining nine ORFs (3 to 11) in pmws PCV are smaller than their counterparts in np PCV, except for ORFs 9 and 10, which are larger in pmws PCV than in np PCV.
Potential glycosylation sequences (also called asparagine sequons NXS or NXT, where X represents any amino acid [6] ) are indicated in Figure 3 Both PCV genomes have nearly identical predicted stemloop structures and nonanucleotide motif sequences (Fig. 4) . This region is known to be required for np PCV genome replication (16) . The starting point used for numbering the nucleotide sequence positions in both PCV genomes is located at the right-most A residue within the nonanucleotide sequence motif, 5Ј-AAGTATTAC-3Ј (nt positions 1762 to 2 in pmws PCV and 1753 to 2 in np PCV), which is immediately downstream of the putative nick site in between the rightmost T and A residues (Fig. 3) .
It is perhaps not surprising that the proteins encoded by ORF1 have the most highly conserved sequence (they have 85% homology) considering that they code for the putative Rep protein, required for genome replication. The proteins encoded by ORFs 2, 3, 4, 7, and 8 in pmws PCV are obviously closely related to their respective counterparts in np PCV. However, their differences are striking, especially for those proteins encoded by ORFs 3, 4, 7, and 8, which in pmws PCV are about half the size of their counterparts in np PCV. Furthermore, ORFs 5, 6, 9, 10, and 11 in these two circoviruses lack any homology with any other ORF. These predicted differences in proteins, encoded in pmws PCV, are possibly the contributing factors for the pathogenesis, clinical signs, and lesions associated with PMWS.
Work needs to be done in identifying and characterizing the proteins that are actually produced by pmws PCV before their functions can be known (by gel electrophoresis and by probing with antibodies raised against purified pmws PCV). It is hoped that such research will extend our understanding of the roles played by these proteins and of their different traits (overall amino acid sequence, hydrophobic, and hydrophilic domains, and glycosylation sites) in relation to the differences in virulence between pmws PCV and np PCV.
The recent epidemic of PMWS in North American pigs has a characteristic PCV, pmws PCV, associated with the disease. The similarity of pmws PCV to np PCV in nucleotide sequence, 6 of 11 protein sequences, genome structure and organization, and host cell preferences demonstrates that they are closely related and may have a common ancestor.
The PCR assay is a useful tool for studying diseases such as PMWS. We had previously reported using PCR and detecting only pmws PCV in pigs affected by PMWS (18) . In an upcoming study, we will fully describe a PCR assay with primers based upon the pmws PCV sequence given here and its efficacy for In both panels the nonanucleotide sequence motifs are in bold-faced type, and arrows mark the putative nick sites. The A residues immediately downstream of these nick sites are used as the starting point for numbering these genomes. All sequences are given in the 5Ј-to-3Ј direction.
detecting pmws PCV in pigs (10a). Studies involving purified pmws PCV used to experimentally infect pigs can extend our understanding of the development and pathology of PMWS. Such studies can make use of probes and PCR assays that are based upon the pmws PCV nucleotide sequence presented here.
PMWS is an important new disease in pigs. We hope the nucleotide sequence of pmws PCV described here will be useful for improving our understanding of the disease PMWS and developing effective vaccines against the disease and diagnostic procedures such as the PCR for detecting the etiological agent.
Nucleotide sequence accession number. The GenBank accession number for the nucleotide sequence of pmws PCV described in the present study is AF027217.
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